Permeability edema is a life-threatening complication accompanying acute lung injury (ALI), severe pneumonia and the acute respiratory distress syndrome (ARDS), which can be associated with a reduced alveolar liquid clearance (ALC) capacity, a disruption of the alveolar epithelial barrier, and an increased capillary endothelial permeability. Bacterial and viral infections can directly promote pulmonary endothelial hyperpermeability and indirectly decrease the function and/or expression of ion transporters regulating ALC in type II alveolar epithelial cells, by means of inducing a strong inflammatory and oxidative stress response in the infected lungs. Apart from ventilation strategies, no standard treatment exists for permeability edema, making the search for novel regulators of endothelial and epithelial hyperpermeability and dysfunction important. Here, we present an overview of recently identified substances that inhibit and/or reverse endothelial barrier disruption and permeability or alveolar epithelial dysfunction: 1) zinc chelators, which were shown to attenuate the effects of oxidative stress on the pulmonary endothelium; 2) peroxisome proliferator activated receptor (PPAR) ligands, which have been shown to exert antiinflammatory effects, by decreasing the expression of pro-inflammatory genes; 3) extracellular ATP, produced during inflammation, which induces a rapid and dose-dependent increase in transendothelial electrical resistance (TER) across pulmonary endothelial cells; 4) the lectin-like domain of TNF, which is spatially distinct from the receptor binding sites and which protects from hydrostatic and permeability edema and 5) Hsp90 inhibitors, which prevent and repair toxininduced hyperpermeability. Unraveling the mechanism of action of these agents could contribute to the development of novel therapeutic strategies to combat permeability edema.
Introduction
Pulmonary permeability edema is a major complication of acute lung injury (ALI), severe pneumonia and ARDS. This pathology can be accompanied by 1) a reduction of alveolar liquid clearance capacity, caused by an inhibition of the expression of crucial sodium transporters, such as the epithelial sodium channel (ENaC) and the Na + -K + -ATPase, 2) an epithelial and endothelial hyperpermeability and 3) a disruption of the epithelial and endothelial barriers, caused by increased apoptosis or necrosis. Since, apart from ventilation strategies, no standard treatment exists for permeability edema, the following chapters will review a selection of novel approaches aiming to improve these parameters in the capillary endothelium and the alveolar epithelium.
Role of Apoptotic Pathways in the development of ALI/ARDS
Apoptosis is an essential physiological process for the selective elimination of cells. However, the dysregulation of apoptotic pathways is thought to play an important role in the pathogenesis of ALI. Both delayed neutrophil apoptosis and enhanced endothelial/epithelial cell apoptosis have been identified in ALI/ARDS. In the case of neutrophils, which contribute significantly to ALI/ARDS, studies in both animals and ARDS patients suggest that apoptosis is inhibited during the early stages (< 2h) of inflammation. Although this is likely due to the action of anti-apoptotic cytokines on the neutrophil population, there is no correlation between the levels of these cytokines and the severity of ALI in humans. There is more compelling evidence that increased epithelial/endothelial cell apoptosis contributes to the endothelial and epithelial injury that is characteristic of ALI/ARDS in humans. Studies have shown that ALI is associated with increased cell death in humans, while apoptosis inhibitors showed increased survival rodent models of ALI [1] . However, the mechanisms responsible for increased apoptosis in ALI/ARDS are poorly understood.
Although studies have provided strong evidence that the extrinsic apoptosis pathway is upregulated in ALI/ARDS, its role in ALI is still unclear. For example, Albertine et al found increased expression of soluble Fas/FasL in ALI/ARDS patients, compared to controls [2] , while Fas/FasL-induced apoptosis has been implicated in alveolar repair through reversal of reparative hyperplasia of type II alveolar epithelial cells seen following lipopolysaccharideinduced ALI in rat lungs [3] . With respect to the intrinsic apoptotic pathway in ALI, a variety of factors have been shown to induce apoptosis in the lung including ventilatorinduced mechanical stress [4] , hypoxia [5] , oxidative stress [6] , and NO generated from inducible nitric oxide synthase (iNOS) [1] . The role of iNOS is unclear, as studies using iNOS knockout mice and iNOS inhibitors indicated that iNOS-derived NO was detrimental. However, studies at extended time points (24 h) found that iNOS inhibition enhanced alveolar and airway epithelial cell death, suggesting that iNOS may inhibit apoptosis in later phases of the disease [1] , which could explain the unexpected decrease in patient survival seen during clinical trials with iNOS inhibitors. Thus, although it is clear that aberrant apoptotic signaling endothelial and epithelial cells likely contributes to the impairment of the barrier function of pulmonary endothelium and epithelium and development of pulmonary edema, the roles played by the extrinsic and intrinsic pathways are unclear. Nor is it clear how the intrinsic apoptotic pathways become dysregulated. We have previously shown that acute increases in both oxidative and nitrosative stress in endothelial cells (similar to that occurring in ALI) led to increases in labile Zn 2+ and that this disruption in Zn 2+ homeostasis preceded the disruption of mitochondrial function and resulted in the induction of apoptosis [7, 8] . Furthermore, the apoptotic death process is dependent upon Zn 2+ release, as the chelation of free Zn 2+ led to a reduction in apoptosis [7, 8] .
Disruption of Zn 2+ homeostasis in ALI/ARDS
Many physiological, nutritional, and biochemical functions have been attributed to Zn 2+ [9] . There is evidence that Zn 2+ requirements of the vascular endothelium increase during inflammatory conditions, such as atherosclerosis, where apoptotic cell death is prevalent [9] . Further, zinc deficiency has been shown to increase the lung injury associated with hyperoxia [10] , while the addition of exogenous Zn 2+ can reduce the injury [11] . This has led to the suggestion that Zn 2+ is a cytoprotective agent, defending cells against oxidative insults and apoptotic events. However, cells have a very tight regulatory apparatus in place for labile Zn 2+ and we have previously shown that the disruption of Zn 2+ homeostasis causes cell death via apoptosis [7, 8] , or at high enough concentrations, necrosis [7, 8] . There also is also in vivo evidence showing that excessive dietary zinc intake can induce pathological conditions that have been associated with oxidative stress [12] . There are also situations resulting in ALI in which the lung can be exposed to high concentrations of labile Zn 2+ , such as accidental inhalation of zinc chloride from smoke bombs [13] . In addition, zinc appears to be involved in the lung injury associated with particulate matter toxicity [14] . Thus, in the same manner as Ca 2+ , loss of intracellular Zn 2+ homeostatic regulation can be equally damaging as situations of Zn 2+ deficiency.
Labile Zn 2+ levels are maintained in the low pico-nano-molar range, due to the presence of a group of the heavy metal binding proteins, called the metallothioneins (MT) [15] . MT is a multi-gene family of at least three members (I, II, III) [15] . MT expression in the lung is normally much less than in the liver but its transcription can be stimulated by a number of agents such as Zn 2+ , cadmium, as well as cytokines, reactive oxygen and nitrogen species metals themselves and proinflammatory molecules [15] . In addition, MT expression is enhanced in a variety of ALI models. As the main role of MT is to bind heavy metals like Zn 2+ , the fact that MT over-expression can limit the injury associated with these types of injury suggests that the loss of Zn 2+ homeostasis may play a significant role in the cell death associated with ALI.
Persoxisome proliferators activated receptor (PPAR) signaling in the lung
Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors belonging to the nuclear hormone receptor superfamily, that includes receptors for steroid hormones, thyroid hormones, retinoic acid, and fat-soluble vitamins. Since their discovery in 1990, increasing data has been published on the role of PPARs in diverse processes, including lipid and glucose metabolism, diabetes and obesity, atherosclerosis, cellular proliferation and differentiation, neurological diseases, inflammation and immunity. PPARs have both gene-dependent and gene-independent effects. Gene-dependent functions involve the formation of heterodimers with the retinoid X-receptor. Activation by PPAR ligands results in the binding of the heterodimer to peroxisome proliferator response elements, located in the promoter regions of PPAR-regulated genes. Gene-independent effects involve the direct binding of PPARs to transcription factors, such as NF-κB, which then alters their binding to DNA promoter elements. PPARs can also bind and sequester various cofactors for transcription factors, and thus further alter gene expression. Importantly, the precise effects of PPARs vary greatly between cell types. To date, three subtypes of PPAR have been identified: α, β, and γ. There is increasing data suggesting that PPAR signaling may play an important role in the pathobiology of systemic vascular disease. However, there is less data implicating PPAR signaling in diseases of the lung. Levels of the γ isoform of PPAR have been shown to be decreased in lung tissues and cells from patients with advanced pulmonary vascular disease [16] .
Anti-Inflammatory effects of PPAR signaling
A role for PPARs in the control of inflammation was first evidenced for PPARa, where mice deficient in PPARa exhibited an increased duration of ear-swelling in response to the proinflammatory mediator, LTB4 [17] . More recently, a number of studies in mice and in humans have shown that PPAR agonists exhibit anti-inflammatory effects under a wide range of conditions. There are two main mechanisms by which PPARs exert their antiinflammatory effect. The first involves complex formation, and the inhibition of transcription factors that positively regulate the transcription of pro-inflammatory genes. These include nuclear factor-κB (NF-κB), signal transducers and activators of transcription (STATs), nuclear factor of activated T cells (NF-AT), CAAT/enhancer-binding protein (C/ EBP) and activator protein 1 (AP-1). These transcription factors are the main mediators of the major pro-inflammatory cytokines, chemokines, and adhesion molecules involved in inflammation. The second PPAR-mediated anti-inflammatory pathway is mediated by the sequestration of rate limiting, but essential, co-activators or co-repressors.
PPAR agonists and ALI
Recent studies have shown that PPAR signaling can attenuate the airway inflammation induced by LPS in the mouse. It was shown that mice treated with the PPARα agonist, fenofibrate, had decreases in both inflammatory cell infiltration and inflammatory mediators [19] . Conversely, PPARα −/− mice have been shown to have a greater number of neutrophils and macrophages, and increased levels of inflammatory mediators in bronchoalveolar lavage fluids (BALF) [20] . Other PPAR agonists, such as rosiglitazone or SB 21994 have also been shown to reduce LPS-mediated ALI in the mouse lung [21] . PPARγ signaling has also been shown to be protective in regulating pulmonary inflammation associated with fluorescein isothiocyanate (FITC)-induced lung injury, with the PPARγ ligand pioglitazone decreasing neutrophil infiltration [22] . Collectively, these data suggest that therapeutic agents that activate either or both PPARα and PPARγ could be beneficial for the treatment of ALI.
Regulation of endothelial permeability
Permeability edema is characterized by a reduced alveolar liquid clearance capacity, combined with an endothelial hyperpermeability. Various signaling pathways, such as those involving reactive oxygen species (ROS), Rho GTPases and tyrosine phosphorylation of junctional proteins, converge to regulate junctional permeability, either by affecting the stability of junctional proteins or by modulating their interactions [23] . The regulation of junctional permeability is mainly mediated by dynamic interactions between the proteins of the adherens junctions and the actin cytoskeleton. Actin-mediated endothelial cell contraction is the result of myosin light chain (MLC) phosphorylation by MLC kinase (MLCK) in a Ca 2+ /calmodulin-dependent manner. RhoA additionally potentiates MLC phosphorylation, by inhibiting MLC phosphatase activity through its downstream effector Rho kinase (ROCK). As such, actin/myosin-driven contraction will generate a contractile force that pulls VE-cadherin inward. This contraction will force VE-cadherin to dissociate from its adjacent partner, as such producing interendothelial gaps [23] . Another possible mechanism of adherens junctions disassembly and interendothelial gap formation involves microtubule disassembly, as has been shown to occur upon treatment of pulmonary artery endothelial cells with TNF, which will be discussed in the following chapters [24] .
Regulation of endothelial permeability by extracellular purines
Extracellular purines (adenosine, ADP, and ATP) function as intercellular signaling molecules when released to extracellular compartments from different sources in the body and subsequently reach the target organs. Extracellular ATP has been detected in most tissues, including the epithelium and endothelium and the smooth muscles. Normally, the level of extracellular ATP is low (1-10 nM), due to the activity of ectonucleotidases. However, under pathological conditions, like during vascular injury or traumatic shock, the local concentration of ATP at the cell surface has been reported to reach micromolar concentrations and may temporally even exceed 25 µM [25, 26] .
In particular, vascular endothelial cells can be regulated by nucleotides released from platelets. During vascular injury, broken cells are also the source of the extracellular nucleotides. Furthermore, endothelium may provide a local source of ATP within vascular beds. Primary cultures of human endothelial cells derived from multiple blood vessels release ATP constitutively and exclusively across the apical membrane under basal conditions. Hypotonic challenge or the calcium agonists (ionomycin and thapsigargin) stimulate ATP release in a reversible and regulated manner [27] . Enhanced release of pharmacologically relevant amounts of ATP was observed in endothelial cells under such stimuli as shear stress, lipopolysaccharide (LPS), and ATP itself [25, 28] . Pearson and Gordon demonstrated that incubation of aortic endothelial and smooth muscle cells with thrombin resulted in the specific release of ATP, which was converted to ADP by vascular hydrolases [29] . Yang et al. showed that endothelial cells isolated from guinea pig heart release nucleotides in response to bradykinin, acetylcholine, serotonin and ADP [30] .
Nucleotide action is mediated by cell surface purinoreceptors. Once released from endothelial cells, ATP may act in the blood vessel lumen at P2 receptors on nearby endothelium downstream from the site of release. ATP is also degraded rapidly and its metabolites have also been recognized as signaling molecules, which can initiate additional receptor-mediated functions. These include ADP and the final hydrolysis product adenosine.
Purinoceptors are divided into two classes: P1 or adenosine receptors and P2, which recognize primarily extracellular ATP, ADP, UTP and UDP [31, 32] . The P2 receptors are further subdivided into two subclasses. P2X receptors are extracellular ATP-gated calciumpermeable non-selective cation channels that are modulated by extracellular Ca 2+ , Na + , Mg 2+ , Zn 2+ , and Cu 2+ [33] . The P2Y receptors are G-protein coupled receptors. P2Y 1 , P2Y 2 , P2Y 4 , P2Y 6 , and P2Y 11 are coupled to Gq and activate PLCγ. P2Y 12, 13 , and 14 are coupled to Gi and inhibit adenylate cyclase (reviewed in [34] ). Both P2Y G protein-coupled receptors, via phospholipase-induced release of Ca 2+ from intracellular stores, and P2X receptor channels, via direct influx of Ca 2+ through the channel from extracellular stores, are capable of triggering calcium-dependent signal transduction cascades.
The final metabolite of ATP, adenosine, binds to P1 receptors. Four different adenosine receptors have been identified and pharmacologically characterized: A 1 , A 2A , A 2B , and A 3 [35] . These receptors are coupled with G proteins. A 2A and A 2B receptors activate adenylate cyclase, and their stimulation increases the intracellular cAMP concentration. A 1 and A 3 receptors stimulation decreases cAMP concentration and raises intracellular Ca 2+ by a pathway involving phospholipase C activation [35] .
Several studies have demonstrated that P2X sub4 is the most abundant P2 receptor in endothelial cells [36, 37] . P2X 4 , P2Y 11 , P2Y 1 , and P2Y 2 are the most expressed P2 receptors in human umbilical vein endothelial cells (HUVEC) [37] . RT-PCR showed expression of P2Y 1 , P2Y 2 , and P2Y 4 receptors, but not P2Y 6 receptors in rabbit pulmonary artery EC [38] .
Data regarding the role of purines in maintenance and alteration of EC barrier are contradictory. Barrier-protective properties of ATP have been reported [39, 40] . On the other hand, the P2Y 1 -receptor agonists 2-methylthio ATP (2meS-ATP) and ADP decreased cell size and enhanced permeation of FITC-labeled dextran through HUVEC monolayers [41] . ATP was found to increase paracellular permeability of microvascular endothelium in frog microvessels [42] .
Our recently published data [43] demonstrate that ATP increases the transendothelial electrical resistance (TER) of human pulmonary artery EC (HPAEC) monolayers in a concentration-dependent manner, indicating barrier enhancement. Stable ATP analogs ATP-γ-S and 2-MeS-ATP also increase TER. In contrast, AMP-CCP, which is more specific for the P2X 1 and P2X 3 receptors, was completely inactive [43] suggesting that P2X receptors are unlikely to be involved in ATP-mediated EC barrier enhancement. Human pulmonary artery, human lung microvascular and bovine pulmonary artery EC demonstrate similar responses to ATP stimulation, characterized by increased TER [43] . Importantly, simultaneous addition of ATP and thrombin significantly attenuates thrombin-induced EC permeability, indicating that ATP has a barrier-protective effect [40] . ATP-induced barrier enhancement involves remodeling of intercellular junctions, but not increases in cytosolic free Ca 2+ and ERK activation [43] . Specific depletion of a subunits of the trimeric G proteins Gq and Gi 2 , but not G 12 and G 13 , significantly attenuates the ATP-induced increase in TER, indicating the involvement of Gq and Gi 2 in ATP-induced EC barrier enhancement [43] .
The ATP-induced increase in TER is tightly linked to a decrease in myosin light chain (MLC) phosphorylation and an increase in MLC phosphatase (PPase) 1 (MLCP) activity. In addition, ATP induced activation of protein kinase A (PKA), which usually has a barrierprotective effect [43] . PKA inhibition attenuates both ATP-induced increases in TER and phosphorylation of its cytoskeletal target, VASP, which in the phosphorylated form inhibits stress fiber formation, supporting the involvement of the PKA/VASP pathway in ATP-induced EC barrier enhancement. Finally, we have recently shown that EC barrier enhancement by ATP is mediated by the small GTPase Rac and the regulatory cytoskeletal protein cortactin [44] . Moreover, our data also demonstrated that ATPγS has a barrierprotective and antiinflammatory effects in vivo in a murine model of LPS-induced lung injury [45] . Based on these observations, we speculate that ATP may be added to a select list of agonists which promote the integrity of the vascular bed. Further studies are needed, however, to fully characterize molecular mechanisms of ATP-induced EC barrier enhancement/protection.
Dichotomous activities of TNF during ALI
During the course of ALI, the alveolar space, as well as the interstitium, are sites of intense inflammation, leading to the local production of pro-inflammatory cytokines, such as IL-1β, TGF-β and TNF. The latter pleiotropic cytokine is a 51 kD homotrimeric protein, binding to two types of receptors, i.e. TNF-R1 and TNF-R2 and which is mainly produced by activated macrophages and T cells. Soluble TNF, as well as the soluble TNF receptors 1 and 2, are generated upon cleavage of membrane TNF or of the membrane-associated receptors, respectively, by the enzyme TNF-alpha convertase (TACE). TNF-R1, but not TNF-R2, contains a death domain, which signals apoptosis upon the formation of the Death Inducing Signaling Complex (DISC) [46] . In spite of its lack of a death domain, TNF-R2 can nevertheless be implicated in apoptosis induction, since its activation causes degradation of TNF Receptor Associated Factor 2 (TRAF2), an inhibitor of the TNF-R1-induced DISC formation [47] . Moreover, apoptosis induction of lung microvascular endothelial cells by TNF was shown to require activation of both TNF receptors [48] . TNF-R2 was also shown to be important for ICAM-1 upregulation in endothelial cells in vitro and in vivo, an activity important in the sequestration of leukocytes in the microvessels [49] . Moreover, lung microvascular endothelial cells isolated from ARDS patients express significantly higher levels of TNF-R2 and of ICAM-1 than cells isolated from patients who had undergone a lobectomy for lung carcinoma, used as controls [50] . These findings therefore suggest that ICAM-1 and TNF-R2 may have a particular involvement in the pathogenesis of acute lung injury.
Recent results have indicated a dichotomous role of TNF in ALI and pulmonary edema. With regard to activities contributing to the generation of permeability edema, the cytokine has been proposed to be involved in the induction of apoptosis of lung microvascular endothelial cells, which can contribute to the disruption of the endothelial barrier during ALI and ARDS [48, 51] . TNF can also indirectly promote edema formation by means of inducing the production of ROS [52] . ROS have been shown to increase MLC phosphorylation in the vascular endothelium [23] and moreover decrease the expression of ENaC and the Na + -K + -ATPase [53] .
TNF can also directly increase endothelial permeability in pulmonary artery endothelial cells, by means of destabilizing microtubules, which in turn induces barrier dysfunction in a RhoA/ROCK-dependent, but MLC kinase-independent manner [24] . As such, TNFmediated microtubule destabilization can amplify endothelial cell contraction by a Rhodependent MLC phosphatase inhibition, thereby inducing a profound permeability increase. Microvascular endothelial cells were reported to respond to TNF by altering their F-actin cytoskeleton and junctional permeability, through mechanisms that include protein kinase C (PKC) and p38 MAPK. In these cells, TNF induces Ezrin, radixin and moesin phosphorylation, accompanied by cytoskeletal changes, paracellular gap formation, and increased permeability to dextran and albumin [54] .
TNF has moreover been shown to inhibit epithelial sodium uptake, which is crucial for alveolar liquid clearance, by means of reducing the expression of at least 3 subunits (alpha, beta, gamma) of the epithelial sodium channel ENaC [55] , most likely by means of a TNF-R1 and ceramide-dependent mechanism [56] . In sharp contrast to its effects described above, which promote pulmonary edema, TNF has also been shown to increase alveolar fluid clearance in a rat pneumonia model [57] . Taken together, these results thus point towards a dichotomous role of TNF in the development of pulmonary edema during ALI.
The lectin-like domain of TNF reduces pulmonary edema formation
In order to explain the apparently contradictory effects of TNF in models of pulmonary edema, as discussed in the previous paragraph, we propose that functionally distinct domains of the cytokine, i.e. the receptor binding sites versus the lectin-like domain, account for the cytokine's dichotomous activity during pulmonary edema [58] . Spatially distinct from its receptor binding sites, TNF carries a lectin-like domain, recognizing specific oligosaccharides, such as N,N'-diacetylchitobiose and branched trimannoses [59] . Apart from exerting a lytic activity towards bloodstream forms of African trypanosomes [60] , the lectin-like domain of TNF was also shown to increase sodium uptake in lung microvascular endothelial cells [61] , that were recently shown to express ENaC [62] , as well as in alveolar epithelial cell lines [63] . Interestingly, the activities of the lectin-like domain of TNF cannot be inhibited by the soluble TNF receptors [60] .
Several observations point towards a positive activity of the lectin-like domain in hydrostatic edema reabsorption: 1) the ALC-activating effect of mTNF in C57BL6 mice is as strong in wild type as in double TNF receptor knock out mice, indicating a TNF receptor independent activity of the cytokine [63] ; 2) the T104A-E106A-E109A Triple mouse TNF mutant, which has a significantly reduced lectin-like activity, but retains TNF-R1 and TNF-R2-mediated activities [64] , fails to activate ALC in flooded rat lungs in situ and no longer stimulates Na + uptake in A549 cells in vitro, in contrast to wt mTNF [63] ; 3) the lectin-like domain of the cytokine, mimicked by the mouse TIP peptide, was shown to activate alveolar liquid clearance in a blood-perfused isolated flooded rat lung model ex vivo [65] ; 4) the human TIP peptide was shown to activate ALC in a flooded rat lung model in situ and lung liquid clearance in vivo when applied intratracheally, but not intravenously, to the same extent as the beta2-adrenergic agonist terbutaline [58] ; 5) the neutral effect of hTNF on ALC in flooded rat lungs in situ can be shifted towards a positive effect upon complexing the cytokine with a soluble TNF-R1 construct, and this positive activity can be inhibited upon adding N,N-diacetylchitobiose, an oligosaccharide binding to the lectin-like domain of TNF, to the complex [58] . Taken together, these results indicate that in flooded rat lungs the receptor binding sites of TNF can inhibit, whereas its lectin-like domain can activate edema reabsorption. In contrast to the situation in hydrostatic edema, during acute lung injury, such as in ARDS, severe pneumonia or upon lung transplantation-induced ischemia-reperfusion damage, the alveolar-capillary barriers can be disrupted, leading to an infiltration of e.g. neutrophils and factors contained in the blood into the alveoli. Other's recent data have indicated that also in LPS/S. aureus alpha-toxin-treated isolated perfused rabbit lungs ex vivo the TIP peptide significantly increases fluid reabsorption and moreover reduces microvascular permeability, by means of a still unknown mechanism [66] . Our recent data have moreover demonstrated that the TIP peptide also has positive effects in ischemia-reperfusion induced acute lung injury. Indeed in a rat left lung isotransplantation model in vivo, the TIP peptide significantly improved lung parameters, upon clamping of the right lung, indicating that it ameliorates lung function upon transplantation (Hamacher et al., submitted). As indicated in scheme 2, acute lung injury is accompanied by an increased ROS and TNF production. Stimulation of TNF-R1 leads to a reduced expression of ENaC [55, 56] , whereas increased extracellular and intracellular ROS production leads to a reduced expression of both the Na + -K + -ATPase and ENaC [53] . Both TNF and ROS moreover directly increase endothelial permeability. The TIP peptide, mimicking the lectin-like domain of TNF, is able to upregulate sodium uptake in type II alveolar epithelial cells, as such increasing alveolar fluid clearance capacity. The peptide moreover protects endothelial barrier integrity, by means of a still unknown mechanism. Taken together, these results indicate the potential therapeutic use of the TIP peptide, mimicking the lectin-like domain of TNF, for the treatment of permeability edema.
Anti-inflammatory and barrier-protective effects of hsp90 inhibitors
Inflammation is a causative factor in most major cardiovascular diseases, including acute lung injury (ALI) and its most severe form, the acute respiratory distress syndrome (ARDS). Single-target anti-inflammatory agents (e.g., COX inhibitors) lack serious side effects but are void of broad-spectrum anti-inflammatory activity. Clearly, the availability of multitargeted, strong anti-inflammatory agents with limited side effects would be of great significance in the prevention and management of ALI and ARDS. Emerging data suggest that heat shock protein 90 (hsp90) inhibitors may fit this profile. Hsp90, a ubiquitous molecular chaperone constituting 1-3% of total cellular protein, is involved in the conformational regulation of more than 100 client proteins. The hsp90 homodimer exists in a flux between an open and a closed conformation. In the closed conformation, hsp90 promotes client protein folding, stability and -in certain cases-increased activity, whereas in the open conformation, it promotes protein degradation. The so-called "hsp90 inhibitors" lock the dimer to an open conformation and promote client protein degradation. We and others have shown that hsp90 inhibitors block the expression and activity of certain proinflammatory mediators in vitro. Recently, we demonstrated that pretreatment with either of two hsp90 inhibitors dramatically protects septic mice by greatly prolonging survival, reducing or abolishing systemic and end organ inflammation, attenuating capillary hyperpermeability and restoring normal end organ function. Furthermore, cell culture studies indicated that these hsp90 inhibitors prevent as well as restore endothelial hyperpermeability induced by direct application of any of several pro-inflammatory mediators. The mechanism(s) behind these effects remain unclear. Since hsp90 inhibitors have recently completed Phase I and II trials for cancer, demonstrating low incidence and severity of side effects, they represent an exciting new possibility as clinically useful anti-inflammatory drugs.
Hsp90 is an abundant molecular chaperone (constituting 1-3% of total cytosolic protein), highly conserved from prokaryotes to eukaryotes. The multi-chaperone heat shock protein (hsp) 90 complexes mediate the maturation and stability of a variety of proteins, many of which are involved in the regulation of cell survival, apoptosis, motility and migration. These proteins are referred to as 'clients' of hsp90 and include Akt/PKB, Raf, p53, cSrc, all vertebrate steroid receptors, EGF-R, VEGFR2, Apaf-1, eNOS, vimentin, F-actin and many others [67] . Acting as a scaffold, hsp90 facilitates client protein interactions and optimizes cell response to stimuli. This response can be beneficial or injurious. Hsp90 exists as a homodimer (namely α/α and β/β); each monomer consisting three distinct domains-a 25kDa N-terminal "ATP-binding domain", a 35kDa middle domain and a 12kDa C-terminal dimerization domain. The ADP-bound hsp90, which corresponds to an "open" conformation, first binds to its client proteins with the assistance of different co-chaperones. Replacement of ADP by ATP results in transient association of the N-terminal domains giving rise to a "closed" structural conformation, which now effectively clamps the client protein and aids in its proper folding, stabilization and maturation [68] . The hsp90 chaperone machinery is therefore in a constant flux between two different conformations, which in turn, specifies its interaction with a defined set of co-chaperones [69] .
Geldanamycin (a benzoquinone antibiotic) and radicicol (a macrolactone) are two chemically distinct compounds that interact with the N-terminal domain of hsp90 and result in the destabilization and degradation of many client proteins [70] . Unlike geldanamycin, the solid state conformation of radicicol when bound to the ATPase site of hsp90 is identical to that when un-bound to hsp90 [71] , making it one of the strongest known inhibitors of hsp90 (the K d for radicicol is 19 nM as compared to 1.2 µM for geldanamycin). Geldanamycin-bound hsp90 resembles the chaperone's ADP-bound "open" conformation, and this results in recruitment events of other hsp90-interacting proteins such as hsp70 and E3 ubiquitin ligases (e.g. CHIP) which interact with hsp90/hsp70 through the TPR motifs and promote ubiquitination and subsequent degradation of client proteins [72] . Hsp90 inhibitors are unique in that, although they are directed towards a specific molecular target, they simultaneously inhibit multiple, interdigitating, hsp90-requiring signaling pathways. Since many of hsp90 client proteins are involved in survival and growth of tumor cells, selective inhibition of hsp90 has shown extremely promising results in vitro and in vivo in inducing tumor cell death/apoptosis. Hsp90 inhibitors are now being utilized to investigate association of hsp90 with members of pro-inflammatory signaling pathways, such as NFκB [73] . A second generation geldanamycin analog, which is less hepatoxic and more stable than geldanamycin, 17-allylamino-17-demethoxy-geldanamycin (17-AAG), recently completed Phase II clinical trials against various malignancies [74] and has so far revealed promising outcomes. There is a second ATP binding site located in the C-terminal region of hsp90. Novobiocin [75] and cisplatin [76] bind only to this particular C-terminal ATPase pocket, thereby inhibiting hsp90 function [75, 77] . Hsp90 requires several distinct cochaperone proteins to perform its functions, such as hsp70, hsp40 and hsp27 [78] , hop (hsp90/hsp70-organizing protein), hip (hsp interacting protein), BAG-1, and CHIP (cterminus of hsp70 interacting protein), etc. [79] [80] [81] . Furthermore, the energy-dependent ubiquitin-proteasome pathway (UPP) eliminates proteins that fail to attain their native conformation, as presented to it by the hsp90 complex in the open conformation [82] . Several lines of evidence indicate that there are functional relationships between the UPP and hsp90 [83] . For example, inhibition of the UPP results in up-regulation of heat shock proteins [84] and hsp90 or hsp70 are required for ubiquitination and degradation of substrates [85] . Hsp90 inhibitors convert the hsp90 function from protein folding to protein degradation through ubiquitination of the client proteins [86, 87] . Thus, chaperones and UPP appear to form a cellular surveillance system that monitors protein quality. Among the several co-chaperones, CHIP is the only one (at least so far known) which also is one of the U-box E3 of the UPP, thus enabling it to act as a bridge that links the chaperones and the UPP [88] .
NFκB is an important pro-inflammatory transcription factor which mediates up-regulated expression of several pro-inflammatory cytokines and chemokines, such as TNF-α, IL-6, IL-8, IL-1β etc., critical for amplifying the inflammatory insult in ALI and ARDS. Although these mediators are important for host defense against the invading bacteria, their uncontrolled and excessive production ultimately contributes to multiple organ injury. Activation of NFκB requires phosphorylation of, and subsequent dissociation from, its associated inhibitory IκB that mask its nuclear localization signal sequence, by IκB kinase (IKK) [89] . IKK exists in complexes with hsp90, required for IKK stabilization and function [90] . Consequently, hsp90 inhibitors inhibit NFκB activation in various cell lines, in vitro [91] . Other hsp90 client proteins include STAT3 [92] and pp60 c-Src [93] , who also play important roles in augmenting the proinflammatory response in inflammation [94, 95] and may thus be additional targets for the protective effects of hsp90 inhibitors. Prior induction of stress proteins by "heat shock" protects against LPS-induced vascular leakage [96] and ischemia/reperfusion and ventilator induced lung injury [97, 98] . It was hypothesized that induction of hsp70 by heat shock is the principal mediator of the observed cytoprotective effect. Hsp90 inhibitors have been shown repeatedly to upregulate hsp70 expression. Hsp70 is an important component of the open-conformation hsp90 dimer complex, necessary for the recruitment of ligases and subsequent ubiquitination and proteasomal degradation of many pro-inflammatory client proteins of hsp90. Taking all these findings together, it is very likely that the protective effects of hsp70 are mediated through the degradation of one or (more likely) multiple proinflammatory hsp90 client proteins.
Recently, we demonstrated that hsp90 inhibitors prolong survival, attenuate inflammation and reduce lung injury in a murine model of LPS-induced inflammation [99] . C57BI/6 mice received either one of two hsp90 inhibitors, radicicol or 17-AAG before receiving a high dose of LPS. Outcomes included survival and parameters of systemic inflammation (plasma neutrophil, cytokine, chemokine and nitrite/nitrate levels), pulmonary inflammation (lung NFκB and myeloperoxidase activities, iNOS expression, iNOS-hsp90 complex formation, leukocyte infiltration), and lung injury (pulmonary capillary leak, lung function). Mice pretreated with vehicle and receiving endotoxin exhibited 100% 24-h lethality, dramatic increase in all parameters of systemic and pulmonary inflammation, increased capillary leak and reduced lung function. Compared to them, mice receiving either radicicol or 17-AAG prior to LPS, exhibited prolonged survival, reduced or abolished increases in systemic and pulmonary inflammatory parameters, attenuated capillary leak and restored, normal lung function [99] . Further experiments [100, 101] suggest that a major mechanism of the antiinflammatory, organ-protective effects of hsp90 inhibitors is their ability to prevent and restore endothelial barrier function, possibly via their targeting of pp60 c-Src . Thus, pulmonary endothelial cell hyperpermeability induced by a number of agents (LPS, TGFβ1, PMA, thrombin, VEGF) was prevented as well as repaired by hsp90 inhibitors [100] . The LPS-induced endothelial hyperpermeability was associated with activation of pp60 c-Src , which was completely prevented by hsp90 inhibitors [101] . Preliminary studies suggest that the actin cytoskeleton, perhaps through its association with hsp27, is involved in the barrier protective actions of hsp90 inhibitors [100] .
Conclusion
Permeability edema represents a life-threatening complication of acute lung injury, severe pneumonia and ARDS, characterized by a combined dysregulation of pulmonary epithelial and endothelial apoptosis, endothelial barrier integrity and alveolar liquid clearance capacity. As such, it is likely that several of these parameters have to be targeted in order to obtain a successful therapy. This review focuses on a selection of recently discovered substances and mechanisms that might improve ALI therapy. As such, we have discussed the inhibition of apoptosis and necrosis occurring during ALI, by means of the restoration of Zn 2+ homeostasis. PPARα and γ agonists can represent therapeutically promising molecules, since they inhibit transcription factors as well as essential co-activators involved in the activation of pro-inflammatory cytokines, chemokines and adhesion molecules, all of which are implicated in ALI. Apart from inducing a potent inhibition of inflammation upon interfering with NF-κB activation, hsp 90 inhibitors were shown to prevent and restore endothelial barrier integrity. These agents are able to significantly improve survival and lung function during LPS-induced ALI. A restoration of endothelial barrier integrity during ALI can also be obtained upon increasing extracellular levels of ATP or adenosine, which activate the purinoreceptors P2Y and P1A2, respectively, leading to a decrease in myosin light chain phosphorylation and an increase in MLC phosphatase 1 activity. The proinflammatory cytokine TNF is involved in endothelial apoptosis and hyperpermeability, as well as in the reduction of alveolar liquid clearance, upon activating its receptors. However, apart from its receptor-binding sites, TNF harbors a lectin-like domain, which can be mimicked by the TIP peptide. This peptide has been shown to increase alveolar liquid clearance and moreover induces endothelial barrier protection. As such, TNF can be considered as a moonlighting cytokine, combining both positive and negative activities for permeability edema generation within one molecule.
Since each of the discussed strategies inhibit only a selection of the parameters implicated in the generation of permeability edema, this suggests that combination therapies might prove to be more efficient than single target strategies. 
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